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KINETICS OF THE KUTHENIUM(I1L) CATALYZED OXIDATJON OF 
AMIDES BY SODIUM N-BROMO?‘OLUENESUI~FONAMIDE IN 
HYDROCHLORIC ACID SO1,UTION 
S. Anantla*, M.R. Jagarleesha” and K .  M. Lokanatli Rai 
Department of Studies in Chemistry, University of Mysore, 
Manasagangotliri, Mysore 570 006, India 
N. M. Made Gowda” 
Department of Chemistry, Wcstem Illinois University 
1 LJnivcrsity Circle, hlacomb, Illinois 61455 
ABSTRACT 
The kinetics of Ru(1lI) catalyxd oxidations of urea, niethylurca and ethylurea by 
sodium N-bromo-p-toluenesulfonaniidc, also known as bromaminc-T (RAT), in 
IICl solution has been studied at 30°C. The reaction rate shows a first-order 
dependence each on [BAT], [aniide] and [Ru(III)] and fractional-order on [H’]. 
Additions of halide ions and the reaction product of BAT ~-tolucnesulfonaniide) 
and the variation of ionic strength and dielectric constant of the medium do not 
have any significant effect on the reaction rate. Activation parameters have been 
evaluated. A Taf? linear free energy relationship is observed for the reaction, with 
p*= -0.64 and -2.95 and 6 = -0.25, indicating that electron donating groups 
a Present uddress: Department of Ciierrristn~, Mdnad College of Engirieering. liassuri - 573 201, 
India 
I 
Copyright I(’ 1999 by Marcel Dekker. Inc. www.dekker.com 
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2 ANANDA ET AL. 
cnhance the rate. An isokinctic relationship is observcd with 
that enthalpy factors control the ratc. The cxistencc of the relationship has been 
supported by the Exncr criterion. The protonation constant of rnonobronianiine-T 
calculated from a plot of l i k '  versus l/[ll'] is 29.15. Mechanisms consistcnt with 
the observed kinetic data havc been proposed. 
= 391K indicating 
INTRODUCTION 
A literature survey showed that kinctic studies of rcactions of amidcs are vcry 
scanty'". To our knowlcdge, therc is no infomiation available in the litcraturc on 
thc oxidation of aniidcs by bromamincs. Thc prcsent studies were undertakcn to 
investigate thc kinctic and mechanistic aspccts of the oxidation of three amides, 
urea, mcthylurea and ethylurea, by bromaminc-T O,-CH,C,H,SO,IC'BrNa.31 1 2 0  or 
BAT) in HCI solution in the presence of Ku(ll1) as catalyst at 30°C. 
EXPERIMENTAL 
Bromaniinc-T was prcpared by the reported proccdurc' and its purity was 
checked by iodometry and by its niass spectrum, UV, IR, and 'H and "C NMR 
spectra. An aqucous solution of BAT was prepared, standardized, and preserved 
in a brown bottlc to prcvent its photochemical deterioration. 
Analar grade urea, cthylurea, and mcthylurca were obtained from Sisco Chein. 
Industrics, Bombay, and their aqucous solutions wcrc preparcd. A solution of 
RuCI, (Arora Matthey) i n  0.500 niol L-' HCI was uscd as catalyst. Allowancc was 
made for the amount of HCI present in the catalyst solution while preparing 
solutions for all kinetic runs. All other chemicals used were of  accepted grades of 
purity. Triply distilled water was uscd for preparing aqueous solutions. The ionic 
strength of the reaction mixture was kept at a high value by adding a saturated 
solution of NaClO.,. 
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RUT1 1ENIUM(III) CATALYZED 0XII)A’IION 3 
Kinetic Measurements 
Mixtures containing requisite amounts of the amidc, NaClO,, RuCI? and HCl 
were equilibrated at 30°C. To this was added a measurcd amount of a pre- 
equilibrated (30°C) aqueous solution of BAT of known concentration. Thc 
progress of the reaction was monitored iodomctrically for two half-lives by 
withdrawing aliquots from the reaction mixture at regular time intervals. The 
pscudo-first-order rate constants calculated were rcproduciblc within 
Regression analysis of the experimental data was carried out on an EC-72 
statistical calculator. 
3%. 
RESULTS 
Stoichiometrv and Product AnalvsiS 
Reaction mixtures containing different compositions of the amide and BAT in 
thc prescnce of 0.100 mol1;’ HCl and 4.8 x 10.’ niol L-’ RuCl, were equilibrated 
at 30°C for 24 hours. Thc iodometric determination of thc unrcacted BAT in thc 
reaction mixture showed that onc mole of BAT was consumed per inole of thc 
amide substrate as represented by equation (1). 
0 
‘I 
K-C-NH2 + TsNBrNa + H 2 0  __+ RNI I? 1- TsNII, -t CO? + Na’ + Br- (1) 
where R = NI& for urea, CH,NH for methylurea (Meu), and C2H,NH for 
ethylurea (Etu) and ‘Ts =p-CH,C,II,S02 for BAT andp-toluenesulfonaniidc. 
The prcsencc of hydrazines as oxidation products of the amidcs in the rcaction 
mixture was detected by the salicylaldchyde tcst’. The other product, CO,, was 
detected by the conventional lime water test. Attempts to quantitate the amount of 
COz evolved were unsuccessful. The reaction product, p-toluenesulfonamide, was 
detected by paper chromatography, using bcnzylalcohol saturated with water as 
the solvent system with ascending irrigation and using 0.5% vanillin in 1% HCI in 
ethanol as the spray reagent (Rf = 0.905)’. 
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ANANDA ET AL. 4 
Effect of Reactants on the Rate 
With the substratc in excess, at constant [ HCI], [Ru(III)], [amide],, ionic 
strcngth and tcmpcrature, plots of  log [BA?'] versus timc wcre lincar indicating a 
first-order depcndcnce of the rcaction rate on [BAT]. The pseudo-first-ordcr rate 
constants k '  arc given in Tablc I. Thc rcaction rate in each casc increased with 
incrcase in [amidc],, and thc plots of log k' versus log [amide], wcrc linear, with 
the slopc equal to unity (Table I I  and Fig. l), indicating a first-ordcr dcpcndencc 
of the rate on [amide]. 
Effect of Varving IHCI] on the Rate 
The reaction was studied with varying [IICI] and keeping thc other conditions 
the samc. The rate increased with increasc in [HCI] (Table 111 and Fig. 2) and 
plots of log k'  versus log LIICll wcrc linear with fractional slopcs indicating 
fractional-order dependcncics on [HCI]. 
Effect of Varvinp IRu(II1)I on the Rate 
The reaction rate incrcascd with an increasc in [Ku(lII)] and plots of log k '  
versus log [Ru(III)] wcrc linear with slopes equal to unity (Tablc IV and Fig. 3) 
showing first-order dcpcndencies on [Ru(III)]. 
Effcctof Cl-. and Br- Io_llS-on tl-ate 
The addition of CI- ion in the form of NaCl (0.120 to 0.250 mol L-') and Br- 
ion in the fonn of NaBr (1.00 x 10-j to 5.00 x 10.' inol L-I) had no effect on thc 
rate of reaction. Hence, the depcndence of thc rate on [HCI] reflcctcd the effect of 
[H'] only on the rcaction. 
Effect ofp-Toluenesulfonamide on the Rate 
The addition of the reaction product, p-tolucnesulfonamide (lsNH?) (1 .00 x 
1 o - ~  - 4.00 x 10.' moI L, I ) ,  had no effect on the rate ofrcaction. 
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RIJI'HENI UM(II1) CATALYZED OXIDAHON 5 
lo4 [BAT], 
(moI L-') 
6.0 
8.0 
10.0 
12.0 
14.0 
10" k'  (s ') 
Urea Mcu Etu 
1.52 2.26 4.40 
1.54 2.29 4.5 1 
1.57 2.3 1 4.53 
1.60 2.34 4.55 
1.61 2.39 4.58 
TABLE 11. Effect of [Amide], on the Reaction Hate 
[BAT], = 1.00 x 10" mol I:', [HCI] - 0.100 inol I:', 
[Ru(III)] = 4.82 x inol L-I, /-L = 0.40 niol L-', T = 303 K. 
10' [Amide], 
(moI L-') 
5.0 
7.5 
10.0 
15.0 
20.0 
10'k'(s?) 
Urea Meu Etu 
0.82 1.23 2.29 
1.20 1.57 3.38 
1.57 2.31 4.53 
2.20 3.51 6.76 
3.16 4.60 9.12 
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6 ANANDA ET AL. 
Fig. 1. Plots of log k ’  vcrsus log [ aniide],: A = ethylurca. B = niethylurea, C - 
urea. [RAT], = 1.00 x 10 ’ mol 1, I ,  [HCI] 
x 10 in01 L-’, p - 0.40 mol L I ,  T = 303 K 
0.100 inol I. ’ [Ru(III)] = 4.82 
Effect of Imic Strenyth on the Rate 
The ionic strength of the reaction mixture, varied using a saturated solution of 
NaCIO,, had no effect on the rate of rcaction. 
n t Rate 
l h e  reaction was studied at different tcniperaturcs in the range 298-3 13 K and 
the values of k’ were deterniincd (Table V) from the pseudo-first-order plots. The 
energy of activation, E,, was calculated from the Arrhenius plot of log k’ versus 
1/T. The other activation parameters, namely enthalpy of activation (AH’), 
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RU7'HENIU.M(III) CATALYZED OXIDAI'ION 
Meu 
1.16 
1.82 
2.31 
2.51 
2.70 
7 
Etu 
2.25 
3.71 
4.53 
5.14 
5.75 
Table 111. Effect of Varying (HCI] on the Reaction Rate 
[Amidc], = 0.100 niol L-', [BAT], = 1 .OO x 10.' rnol L' 
[Ru(III)] = 4.82 x 10 '  mol L-', p = 0.40 mol L-', T = 303 K. 
10' [HCI] 
(mol P) 
2.00 
5.00 
10.0 
15.0 
25.0 
Plots of 
r =  
order = 
Urea 
0.79 
1.28 
1.57 
1.74 
1.88 
5 k'  versu 
0.980 
0.343 
entropy of activation (AS') and frec energy of activation (AG'), were then calculated by 
making use of the value of E, (Table VI). 
Test for Free Rad icals 
Addition of the reaction mixture to aqueous acrylamide monomer solutions did not 
initiate polymerzation indicating thc absencc of h situ fonnation of frec radical spccies in 
the reaction sequence. 
DISCUSSION AND MECHAN ISM 
Cady and Connick' and Conniek and Fine' have determined the formulas of 
aqucous ruthenium(II1) complex species using ion-exchange resin properties and 
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8 ANANDA ET AL. 
2 + log[HCIl 4 
Fig. 2. Plots of log k'  versus log [HCI]: A = ethylurca, B = methylurea. C 2 urca. 
[Amide], = 0.100 niol L-I, [BA1'],, = 1 .OO x 10' niol L-I, [Ru(III)] - 4.82 x 
10 ' niol L-I, p - 0.40 mol I / ,  T - 303 K 
UV spectral studies. These studies havc shown that octahedral complex species 
such as [KuCI,(I120)]'~, [ KuCI , ( I~~O)~]~ ,  [RuCI,(HZO),], [RuCI,(H,O),]' and 
[RuCI(H,O),]?-do not exist in aqueous solutions of RuCI,. Other studies have 
shown that the following cquilibrium exists for RuCI, in acidic solutions'",". 
[RuCI,]'.+ H 2 0  + [RUCI,(H~O)]'- t C1- (2) 
Singh ad."." used the above equilibrium in thc ruthenium(III) chloride 
catalyzed oxidation of primary alcohols by BAT and of ethylene glycols by N- 
bronioacctamide in HCIO, solution. In the present study, however, the addition of 
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RUT1 IENIIJM(II1) CATALYZED OXIDATION 9 
Table IV. Effect of Varying [Ru(III)] on the Reaction Rate 
[Amidc], = 0.100 mol L', [BAT],, = 1.00 x 10.' niol L-', 
[HCl] = 0.100 mol L-', p = 0.40 mol I:', T 7 303 K. 
Plots of log k' vcrsus log [Ru(III)] 
r =  0.999 0.999 0.998 
ordcr = 0.968 0.996 1.005 
chloride ion in the form of NaCl at constant [H'] and ionic strcngth had no cffcct 
on the ratc indicating that [RuCl,]'-is the most likely catalyzing species that 
interacts with the substrate to fonn a complex intcrmcdiate. Similar kinetic results 
were observed in the Ru(II1) catalyzed oxidation of chloroacetic acids by BAT' 
(bromamine-T) and BAB'" (bromaniinc-B or N-bromobenzcnesulfonaniide). 
Pryde and Sopperls.16, Moms gt d." and Bishop and Jennings" have shown 
the existence of similar equilibria in acid and alkaline solutions of N-nietallo-N- 
haloarylsulfonaniides. BAT (TsNBrNa), like its chlorine analogue, chloramine-T, 
behaves as a strong electrolyte in aqueous solutions fonning diffcrent spccics as 
shown in equations (3)-(7). 
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10 ANANDA ET AL. 
Fig. 3. Plots of log k '  vcrstis log [1<u(111)]: A = ethylurea, B - methylurca, C - 
urea. [Aniide],, = 0.100 mol L I ,  [BAT],, 7 1 .OO x 10 mol L I. [HCI] - 
0.100 mol I ,  I, p = 0.40 rnol L-I, T 303 K 
TsNBrNa + TsNBr- + Na- 
TsNRr + H' + TsNIIBr 
TsNHRr T HzO 
2TsNIIBr + TsNII? + lsNBr, 
HOBr + €1' + HzOBr' 
+ TsNH? - HORr 
In acidic solutions, the probable oxidizing species are thc free acid (TsNHBr), 
dibromamine-T (TsNBr?), HOBr, and HzOBr'. The involveinent of TsNBrz in the 
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RUTf IENIUM(II1) CATALYZED OXIIIATION 
~~~ 
AH'/ kJ mol.' 
54.7 
47.9 
43.4 
11 
~ ~ 
AS'IJK-' molf AG'/ kJ 11101 ' 
-137 96.3 
-157 95.7 
- 166 94.0 
Table V. Effect of Temperature on the Reaction Rate 
[Amidel,, = 0 100 mol L I ,  [BAT],) = 1 .00 x 10' moll;'. 
[HCI] 7 0.100 mol L I, [Ru(III)] - 4.82 x 10' mol L I ,  
y - 0.40 11101 L-l. 
Temp 
(K) 
298 
303 
308 
313 
Plots of 
r =  
slope = 
Urea 
1.12 
1.57 
2.23 
3.30 
10"k' (s-I) 
Meu 
1.71 
2.3 1 
3.19 
4.4 1 
)g k' versus l/T 
0.999 0.999 
-2.989 -2.633 
Etu 
3.55 
4.53 
6.31 
5.30 
0.999 
-2.396 
Table VI. Activation Parameters for the Oxidation of Amides by BA'I 
in the Presence of IICl and Ku(II1) Catalyst. 
Substratc 
Urea 
Meu 
Etu 
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12 ANANDA ET AL 
mechanism leads to a sccond-order ratc law according to equation (6) ,  which is 
contraiy to thc cxpcrinicntal observations. As equation (5) indicates a slow 
hydrolysis, if IIOBr were the primary oxidizing species, a first-order retardation 
of  the ratc by the added ’lsN€12 would be expected, contrary to results. I Iardy and 
Johnston” have studied the pH dependence of relative concentrations of the 
spccies present in acidified chlordminc-1’ solutions of comparable niolarities and 
shown that TsNI 1Br is the likely oxidizing species in acid solutions. Narayanan 
and Rae'" and Subhashini 
further protonatcd at pH < 2 as shown in thc following cquations (8) and (9) for 
monochloraminc-T (p-CH,C,,H,SO,NI 1C1) and monocliloraminc-B 
(C6H5S02NIICI), respectively: 
have reported that monohaloaniines can be 
CH,C,,II,SO,NHCI + I I  + CII,C,H,SO,I~II,CI 
C,I I,S02NIICI + I I + C,,H,SO,&I 1,Cl 
The second protonation constants for p-CII3C,I1,,SO,N1 ICI and C,,H,SO,NIICI 
5 M I ,  respectively, at 298 K. Gupta” bclicves that the valucs arc 102 M-’ and 61 
could bc lowcr than thosc rcportcd by thc abovc workers’”.’’. In the present case, 
the fractional-order in [H’] indicatcs that the protonation of TsNHRr results in the 
formation of TsNH,Rr which is likcly to bc thc activc oxidizing spccies involvcd 
in the mechanism of oxidation of the substrates. Based on the preceding 
discussion, the mechanism in Scheme I is proposed for the reaction. 
4- 
In Scheme I, ‘S’ represents the aniide substrate whilc X and X‘ rcprcsent the 
complcx intermediate specks whosc structurcs arc shown in Scheme 11. A 
detailed incchanistic intcrpretation of thc Ru(1II) eatalyzcd ainidc-BAT reaction in 
acid solution is prcscntcd in Scheme 11. An initial cquilibriuni involves 
protonation TsNIiBr forming thc activc oxidizing species of BAT, TsNHzBr 
(step (i) in Scheme I, but not shown in Schcnic 11). In the ncxt fast pre- 
equilibrium, the oxygen atom of the amide coordiiiatcs to the metal ccntcr of thc 
activc catalyst species, [RuCI,]”, to form a looscly bound nictal complex anion X 
(step (I) of Schcmc 11) trappcd in a solvent cage, which increases the 
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KUTHENlUM(II1) CATA1,YZIJD OXIDATION 13 
Kl + 
K, 
+ k 
TsNHBr + H- + TsNIIzBr 
S + Ru(II1) + X 
TsNH?Br + X X’+TsNH, 
(complex) 
X‘ + 11,O + Products 
fast (i) 
fast (ii) 
slow (iii) 
fast (iv) 
Scheme I 
nucleophilicity of  the amidc nitrogen. This kind of  loosc metal ion-substrate 
complex fomiation has been involved as an intermediate in some studics with 
Ru(l1I) catalyst’.’?.”. Then an elcctrophilic attack by TsNIIzBr at thc aniide 
nitrogen of X occurs to fomi N-broniamide as intcrmcdiatc through a fast 
intramolecular rearrangement, with the elimination of TsNH? and RuCI,, 
respectivcly, (steps (11) and (111) in Scheme 11). This N-bromamide undergoes 
Hofmann rearrangement fomiing alkylisocyanate with thc cliinination of  a proton 
(stcp (IV) in Scheme 11). In step (V) of Schemc I1 a nuclcophilic attack by water 
on thc isocyanate carbon of the intermediate rcsults in  tlic formation of carbaniic 
acid (N-carboxyalkylaniinc), which eliminates COz to form the corresponding 
alkylamine. 
i 
From the slow step in Schemc I, 
rate 7 k, [Ts&H,Br] [X] 
If [BAT], represcnts thc total [BAI’], then 
[BAT], = [TsNI IBr] + [TsNH2Br] 
+ 
By substituting for [TsNHBr] from equilibrium stcp (i) into equation (1 l), one 
obtains 
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14 ANANDA ET AL. 
(substrate) (catalyst) (X) 
-(RUCI,)” 
0‘ 3- 
+ TsfiH,Br R-C-N I’ +/H + TsNH, 
I ‘H 
Br 
(oxidant) ( X I  
-(RUC16)3- 
0- 0 
11 + /H II 
R-C-N 0 R-C-N-Br + HC + [RuCI,]~‘ 
I ‘H I 
H Br 
0 
II c.. R 
-C-N-Br I)o=c=A’ I-> R-N=C=O 
L l  -Bi ‘H -H+ 
H 
where R = NH, for urea, CH,NH for methylurea, and C2H,NH for ethylurea and 
Ts = p-CH3C6H4S02 for BAT and p-toluenesulfonarnide. 
Scheme II 
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RU'IHENIUM(II1) CATALYZED OXIDATION 15 
+ 
[TsNH2Br] + 
[BAT], = + [TsNIZBr] 
KIW'I 
or 
+ 
[TsNH2Br] {K,[H']  1 1 )  
[BAT], = 
Kl [I"] 
Or 
+ K,[RATl, [H'I 
[TsNH,Br] = 
K, [H-] + 1 
+ 
Substituting for [XI from equilibrium step (ii) of Scheme I and for [TsNH,Br] 
from equation (12) into equation (lo), one obtains the rate law (equation 13), 
Thc rate law is in good agreement with the experimental results, such as first- 
ordcr each in [BAT],, [substrate] and [Ru(III)] and fractional-order in [II']. 
Since the rate = k' [BAT],, equation (13) can be transformed into equation 
(14). 
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16 
'Table VII. Plots of l /k'  versus l /[II']  
ANANDA ET AL. 
2.00 
5.00 
10.0 
15.0 
25.0 
50.0 
20.0 
10.0 
6.66 
4.00 
r -  
slopc = 
Intcrcept 
l lk'  (s) 
Etu IJrca I Mcu 
12658 
7812 
6369 
5747 
5319 
0.999 
1.59 x 10' 
4.70 x lo3 
8620 
5404 
4329 
3084 
3703 
0.999 
1.07 x 10' 
3.2s x 10' 
4444 
2695 
2207 
I045 
1754 
0.09 7 
0.5s x 10' 
1.56 s 10' 
Based on cquation (14), a plot of I/k' vcrsus l / [ I  1 '1  at constant [aniidc],, 
[Ru(III)] and tcmpcrature was found to bc lincar for- each ainide (Table VII and 
Fig. 4). The values of K,  and (K,k,) wcrc calculated from the slope and intercept 
of  the plots for thc standard runs with [BAT], = 1 .00 x 
0.100 mol 1, I, [Ru(lll)] = 4.82 x IO-' mol 1;' at 303K. Thc valucs of thc 
protonation constant K ,  (or K,,) of TsNHBr, (K2k,), and deprotonation constant 
K' ,  arc presented in Tablc VIII. Furtherniorc, the values of  K,  or K' ,  are 
compared with thc corrcctcd valucs obtaincd for the oxidation of primary amines 
by RATz3. The constancy of the K ,  and K', valucs is a strong indircct evidence for 
the formation of the rcactivc species TsNHzBr from TsNHRr supporting the 
proposed mcchanisni of oxidation of  ainidcs by BAT (Schemes I and 11). 
mol I;', [amidc],, = 
+ 
The existcncc of a lincar-free-energy relationship (IPER) for the oxidation of 
amidcs by BAT has been evaluat~d '~.  Tests for the complete Taft equation as well 
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RIJTHENIUM(II1) CA'IA1,YZEL) OXIDATION 17 
12000 - A -  
0 I I I I I 
0 1-0 2-13 3.0 L-0 YO 
1 
-> 
[ ? I  
Fig. 4. Plots of  l /k'  versus I/[H']: A = ethylorca, I3 = mcthylurea, C = urea. 
[Aniide],, = 0.100 in01 L-', [BAI], = 1 .00 x 
x 10.' niol I;', p = 0.40 inol L-I, T = 303 K 
mol I:', [Ru(III)] = 4.82 
as single parameter correlations with the polar substitucnt constant CT* and steric 
substitucnt constant E, were made by plotting log k'  versus D*, log k'  versus E,, 
and log k'-E, versus CT*. The following regression equations werc found: 
log k'  = -0.64 C* - 3.51 ( 1 5 )  
log k' = -0.25ES - 3.49 (r = 0.8072) (16) 
(log k'-E,) = -2.950* - 3.6 (1 7) 
(r = 0.8678) 
(r = 0.9993) 
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18 
44.1 
63.2 
133 
ANANDA ET AL. 
29.6 
30.7 
27.2 
Table VIII. The Kinetic Data Calculated Using Equation (14) 
Substratc 
Urea 
Etu 
Calculated 
3.38 x lo-? 
3.25 x 10: 
3.67 x 
8 0  
1 7 0  
c ‘ _  
E 6 0  
7 
Y *> 5 0  
0 
L O  
30 
I00 1 3 0  1 6 0  190 
-A s+/JK-’ m0i-l -7 
Fig. 5. A plot of AH‘ vcrsus AS’ for the thrcc amidcs: [Amidc],, = 0.100 mol L-’, 
[BAT],= 1.00 x IO”nio1 L-’, [HCI],= 0.100 mol L-’, [Ru(IlI)] = 
4.S2 x 10.’ mol L, I, p! - 0.40 mol L-’ 
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KUTHENIUM(1II) CATA1,YZLI) OXIDATION 19 
0.1 0 $3 0.5 0 -7 
Fig. 6. A plot of log k'(,13 K ) v e r ~ u ~  log k'(,"? K): [Aniide], = 1 .OO x W3 niol L-' 
[RAT], = 1.00 x 10.' mol L I, [HCI] = 0.100 niol L I ,  [Ru(lII)] = 4.82 x 
10.' inol L-', p = 0.40 mol L 
The implication of the elcctronic cffect on thc ratc is less clear from equation 
(15). Thc value of p* = -0.64 suggcsts that the clectronic effect plays a rolc in the 
reaction. The scnsitivity towards thc steric ef'f'cct ( b  = -0.25) is not too significant 
as revealed by equation (16). I-Iowcvcr, an excellent correlation in equation (17) 
shows that both steric and electronic factors have a synergistic cffect on the ratc. 
The negative values of thc reaction constant p* (-0.64 and -2.95) indicate that the 
presence of electron donating groups in the ainide substrate increases the reaction 
rate. The rate of oxidation of amides by BAT increases in the following order: 
urea < methylurea < ethylurea (Tables I-V). 
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20 ANANDA ET AL. 
The relative magnitudes of energies of activation for the oxidation of amides 
in Table VI, which support the above trend, indicate that the reactions are 
cnthalpy-controlled. This is verified by calculating the isokinetic temperature (p) 
from the slope o f a  linear plot of AH’ versus AS’  (Fig. 5 )  for each amide. The p 
value at 391 K, which is higher than tlic cxpcrimental temperature used in the 
prcseiit study, implies that the substrate oxidation is cnthalpy-controlled. Further 
confinnation of tlic cxistcncc of an isokinetic rclationship was inferred from tlie 
Exner-criterion2’ by plotting log k’(3,3 V C ~ S L I S  log k’(,,,, ,:) which yieldcd a lincar 
plot (Fig. 6; r 
K. The fairly negative value of AS‘ indicates the fonnation of a rigid associative 
transition state in each case. Tlic constancy of the AG’ values indicates that the 
three amidcs react with BAT via tlic same niechanism. 
0.9984). The value of p from tlie Exner slope was found to be 41 0 
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